Alternative splicing plays an important role in processes such as development, differentiation and cancer. With the recent increase in the estimates of the number of human genes that undergo alternative splicing from 5 to 35±59%, it is becoming critical to develop a better understanding of its functional consequences and regulatory mechanisms. We conducted a large scale study of the distribution of protein domains in a curated data set of several thousand genes and identi®ed protein domains disproportionately distributed among alternatively spliced genes. We also identi®ed a number of protein domains that tend to be spliced out. Both the proteins having the disproportionately distributed domains as well as those with spliced-out domains are predominantly involved in the processes of cell communication, signaling, development and apoptosis. These proteins function mostly as enzymes, signal transducers and receptors. Somewhat surprisingly, 28% of all occurrences of spliced-out domains are not effected by straightforward exclusion of exons coding for the domains but by inclusion or exclusion of other exons to shift the reading frame while retaining the exons coding for the domains in the ®nal transcripts.
INTRODUCTION
Alternative splicing was ®rst predicted to occur in 1978 (1) . With only 32 000 genes predicted from the genome sequence and an estimated 100 000 genes based on EST clustering, alternative splicing may be a major mechanism for producing genomic complexity (2) . Prior estimates of the prevalence of alternative splicing were as low as 5% (3) and have been revised to 35±59% of all genes having at least one alternative splice form (4±8). The increased expectation of alternative splicing raises intriguing questions about the identi®cation, functional roles and regulation of alternative splice variants across the whole genome.
Alternative splicing plays a major role in sex determination in Drosophila, antibody response in humans and other tissue or developmental stage-speci®c processes (9) . Coordinated changes in alternative splicing patterns of pre-mRNAs are an integral component of gene expression programs such as those involved in nervous system differentiation (10) and apoptotic cell death (11, 12) . Alternative splicing is also implicated in a large number of human pathologies, such as cancer and Alzheimer's disease (13) .
The diverse outcomes of alternative splicing fall into two major categories: protein-level alterations and transcript-level modi®cations. On the protein level, alternative splicing generates splice variants that give rise to different protein products, for example, a shortened protein product due to a frame shift introduced by an alternate exon or a protein product with a different functional domain due to the inclusion of a speci®c exon from a mutually exclusive group of exons. On the transcript level, alternative splicing produces splice variants that have different translation or stability pro®les, for example, a transcript with a longer life span would prolong the availability of the corresponding protein product.
There are many examples of protein-level alterations introduced by alternative splicing (14±20). In some cases, the proteins produced by the splice variants play opposite roles in the cellular processes. These studies tend to focus on speci®c genes and not on classes of proteins that are, as a group, disproportionately affected by alternative splicing. We would like to ®nd protein domains that are disproportionately distributed among alternatively spliced or constitutively spliced genes. We would also like to ®nd domains that are frequently spliced out among members of a protein family or across protein families.
Most large scale studies of alternative splicing focus on the DNA and RNA level. Loraine et al. identi®ed genes whose alternative transcripts produce different protein domain structures and developed a graphical tool to study protein domain differences for the splice variants of individual genes (21) . Their work did not address the distribution of protein domains more generally. In this paper, we used manually reviewed LocusLink and RefSeq records to systematically study protein domains in the context of alternative splicing.
MATERIALS AND METHODS

Data source
The Table 1 . To avoid false positives generated by the testing of multiple hypothesis, the false discovery rate correction method (22) was applied.
Characterization of gene ontology (GO) annotations for a set of genes GO terms and annotations were obtained in a mySQL database developed by BDGP from http://www.godatabase.org/dev/ database/. We downloaded the December 2002 release and imported it into the Oracle database previously loaded with LocusLink data. Given a set of genes, all the GO terms for two sub-ontologies of GO (molecular function and biological process) were extracted from the GO database. The count of the number of genes for each GO term was recorded. We de®ned the sub-tree covering a given set of GO terms as the one rooted by the deepest common ancestor of all the given GO terms. For gene coverage, the number of genes represented by the sub-tree rooted in a GO term was divided into the total number of annotated genes to arrive at the percentage coverage. For GO term coverage, the number of GO terms represented by the sub-tree rooted in a GO term was divided into the total number of unique GO terms to arrive at the percentage coverage. The P-value assigned to each GO term was calculated as described on the ProToGo website (http://www.protonet. cs.huji.ac.il/ProToGO/Introduction.html). First, the number of reviewed loci assigned to each GO term was calculated. This count includes all the loci assigned to a GO term and those assigned to its descendents. Duplicated loci were counted only once. This served as the background distribution. Then, for a given set of loci, a similar calculation was performed to derive the number of loci from this set assigned to each GO term. The P-value calculated for each GO term is expressing the probability to receive such a count from the given set, or higher, assuming the null hypothesis under hypergeometric distribution.
Identi®cation of spliced-out protein domains
To identify spliced-out protein domains, we used CDD protein domain annotations. In particular, annotations corresponding to each splice variant were extracted from the database. Domains that were not present on all splice variants were considered spliced-out protein domains.
Classi®cation of transcript level modi®cations to splicedout domains
Two types of transcript level modi®cations can be employed to produce a spliced variant without a protein domain. One is to exclude one or more exons coding for the domain from the processed transcript. The other is to retain all the exons coding for the domain in the transcript but shift the reading frame resulting in the loss of the domain. To estimate the prevalence of each type of modi®cation, we classi®ed each occurrence of alternatively spliced domains in our data set. For each locus that has a speci®c spliced-out domain, all the transcripts for the locus were ®rst aligned with BLAT against the June 2002 release of the human genome draft sequence at UCSC (http:// genome.ucsc.edu). Only transcripts that align to the draft genome without internal gaps and with at most 50 nt missing at either end were kept. The location of the domain was determined using the NCBI CDD search tool available at http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml for the transcripts having the domain. The location information was then used to extract the exons coding for the domain. Exon structures of the transcripts without the domain were compared with the exons coding the domain to classify the type of modi®cations.
RESULTS
Disproportionately distributed protein domains
In our study, all disproportionately distributed domains are domains that are disproportionately distributed in the direction of alternatively spliced genes. They are not necessarily the domains that are spliced in or out. Thus, these domains can be considered`innocent bystanders' of the splicing process which affects other areas of the genes.
The July 26, 2002 release of LocusLink contains 47 310 human loci. 4548 of these have a`reviewed' status. 932 of the reviewed loci have more than one RefSeq transcript associated. Thus, 20% of all the reviewed loci are annotated with alternative splicing. A total of 2501 unique CDD protein domains were annotated on all the human loci in LocusLink. From these, a total of 1675 were annotated on all the reviewed loci, or 67%.
Disproportionately distributed domains are summarized in Table 2 . Twenty four domains were found to be disproportionately distributed and all of them showed higher frequency of occurrences in alternatively spliced loci. The proteins harboring these domains are engaged in diverse cellular processes such as adhesion and morphogenesis (23) (cadherin domains), growth and differentiation (24) (phosphatase 
Process and function GO annotations for alternatively spliced genes with disproportionately distributed protein domains
To more accurately assess the roles played by alternatively spliced genes with disproportionately distributed protein domains, we extracted GO annotations on these genes and sought to identify common themes from both the perspective of GO terms and that of genes. The 24 domains identi®ed are found on 169 alternatively spliced genes. For the biological process sub-ontology of GO, 108 genes were annotated with 75 unique GO terms (229 total). Figure 1 shows the top 10 signi®cant terms in the biological process hierarchy with respect to gene coverage. Gene coverage allows the identi®cation of processes that a majority of these genes participate in. The top three signi®cant termsÐ cell communication, signal transduction and protein metabolismÐaccount for 53, 32 and 25% of this set of genes, respectively. The 10 most signi®cant terms ranked by P-value are shown in Table 3 . All these processes require exquisite control of responses to extracellular or intracellular signals and it is our belief that alternative splicing is one of the regulatory mechanisms employed.
Top terms with respect to term coverage were also identi®ed. Term coverage allows the identi®cation of processes that these genes frequently participate in without being biased by the number of genes annotated by each term. The top two termsÐcell growth and/or maintenance and cell communicationÐaccount for 52 and 28% of all biological processes participated in by this set of genes, respectively. Similar analyses of these genes were carried out for the molecular function sub-ontology. Out of 169 alternatively spliced genes, 121 were annotated with 69 unique GO terms (176 total). For term coverage, three ®rst level termsÐ enzyme, binding and signal transducerÐaccount for 50, 27 and 18% of all molecular functions carried out by this set of genes, respectively. For gene coverage, the top three signi®-cant termsÐenzyme, hydrolase and protein kinaseÐaccount for 51, 30 and 20% of all the genes, respectively. These functions are critical for the processes identi®ed above. The 10 most signi®cant terms ranked by P-value are shown in Table 4 . They include seven terms for phosphatase and one term each for serine/threonine kinase, cell adhesion molecule and caspase. Proteins with these functions are involved in signal transduction, development and apoptosis.
Spliced-out protein domains
Spliced-out domains, in contrast to disproportionately distributed domains, are those which not only occur in alternatively spliced genes, but are also the target of splicing in or out.
Out of 932 reviewed loci that have more than one associated RefSeq transcript, we identi®ed 202 domains as spliced out. This represents 26% of a total of 773 domains. 139 loci (15%) were found to have one or more of these domains. Two interesting subsets are shown in Tables 5 and 6 . Table 5 shows 14 domains that are present on four or more alternatively spliced loci. Table 6 shows 13 domains that are present on at least two loci and are always alternatively spliced. Fourteen of the 24 disproportionately distributed domains were also identi®ed as spliced-out domains. GO term analyses were carried out for the 40 alternatively spliced genes with spliced-out domains shown in Table 5 . These results are fundamentally the same as previous analyses on genes with disproportionately distributed domains. For the biological process sub-ontology, 28 genes were annotated with 40 unique GO terms (58 total). With respect to gene coverage, the top three signi®cant termsÐprotein metabolism, development and organogenesisÐaccount for 35, 35 and 28% of all the genes, respectively. Protein metabolism and organogenesis are also the top signi®cant terms for genes with disproportionately distributed domains as shown in Figure 1 .
For the molecular function sub-ontology, 24 genes were annotated with 31 unique GO terms (38 total). Figure 2 shows the top 10 signi®cant terms with respect to gene coverage for this set of alternatively spliced genes. The top three signi®cant termsÐenzyme, hydrolase and cysteine-type peptidaseÐ account for 70, 50 and 25% of all the genes, respectively. Table 7 shows the 10 most signi®cant molecular function GO Figure 1 . Top 10 signi®cant terms in the biological process hierarchy with respect to gene coverage for alternatively spliced genes having the disproportionately distributed domains. The terms are color coded according to their depth in the hierarchy and the numbers in parentheses after the name of each term are the number of genes covered in the sub-tree with the term as the root and the P-value. The terms in bold font are the top terms. The terms not in bold and with no numbers of genes and P-values are shown because they are on the path leading to the top signi®cant terms. pfam00093  IPR001007  2  2  100  Immunoglobulin C-type  smart00407  IPR003597  2  2  100  Neuregulin family  pfam02158  IPR002154  2  2  100  Zinc-binding domain present in Lin-11, Isl-1, Mec-3  smart00132  IPR001781  2  2  100  Shikimate kinase  pfam01202  IPR000623  2  2  100 terms ranked by P-value. They include terms that lead from hydrolase to signaling caspase and tyrosine phosphatase as shown in Figure 2 . Proteins with these functions are involved in apoptosis and signal transduction.
Transcript level modi®cations to splice out protein domains
The straightforward way to splice out a protein domain would be to exclude the exons coding the domain. However, we found several examples of another transcript level modi®ca-tion to achieve this, i.e. inclusion or exclusion of other exons to shift the reading frame (15, 17, 18) . We performed a systematic analysis of the types of transcript level modi®cation used to splice out domains. Somewhat surprisingly, out of a total of 314 instances of a domain being spliced out, only 225 instances (72%) were effected with the straightforward exclusion of one or more exons coding for the domain, while 89 instances (28%) were effected by retaining all the exons coding for the domain but shifting the reading frame to remove the original amino acid sequence of the domain from the ®nal protein product.
DISCUSSION
One of the direct effects of alternative splicing is the production of different protein products. The current study identi®es two types of protein domain that are of special interest. The ®rst type includes protein domains disproportionately distributed among the alternatively or constitutively spliced genes (the`innocent bystanders'). The second includes spliced-out protein domains (the`victims'). The disproportionately distributed and spliced-out domains are associated with genes playing important roles in processes such as signal processing, development, differentiation and apoptosis. Alternative splicing may be an important mechanism to regulate the functions of these genes. It has long been hypothesized that alternative splicing plays a regulatory role in these processes. Our results provide objective evidence to support this hypothesis.
Although we understand the signi®cance of some domains on our list of disproportionately distributed and spliced-out domains, the functional signi®cance of all the domains is not well understood. For example, caspase catalytic domains, elongation factor Tu GTP binding domain and von Willebrand Figure 2 . Top 10 signi®cant terms in the molecular function hierarchy with respect to gene coverage for alternatively spliced genes having the 14 spliced-out domains that are present on four or more alternatively spliced loci. The terms are color coded according to their depth in the hierarchy and the number in parentheses after the name of each term is the number of genes covered in the sub-tree with the term as the root and the P-value. The terms in bold font are the top terms. The terms not in bold and with no numbers of genes and P-values are shown because they are on the path leading to the top signi®cant terms. More than 10 terms are shown because of ties.
factor (vWF) type C domain play important roles in the modi®cation of protein functions, especially across members of a protein family. Isoforms with or without these domains may be involved in the development of diseases such as leukemia, neuroblastoma and gastric carcinoma (14± 18, 27, 28) . The cadherin domain, a disproportionately distributed domain, is present on all members of the large protocadherin family, whose splice variants play important roles during nervous system development, and the exact functions of the variant cytoplasmic domains are active areas of research (29) . Our results suggest that genes containing these domains are more likely than others to use splicing as a regulatory mechanism.
Somewhat surprisingly, a high percentage (28%) of the spliced-out domains were not effected by straightforward exclusion of exons coding the affected domain. Presumably, some exons coding the domains are under very high selection pressure to be conserved, so other exons either upstream or in the middle of these exons are used to modulate the exclusion of the domains in protein isoforms. As such, it is very important to supplement the traditional exon structure study of alternative splicing with studies from the perspective of protein domains. Otherwise, the changes to protein sequences as a result of reading frame shifts while retaining most of the exon structures will not be readily detected. This phenomenon demonstrates the importance of proteomics since genome and transcriptome studies may not readily detect such changes. It also presents an interesting challenge to gene prediction and eventually alternative splicing prediction algorithms as most algorithms use reading frame consistency as a guide to predict the exon structures.
The current study adopted a protein domain centric approach as opposed to a gene centric approach. We looked at the functional diversity of proteins grouped together with common patterns of alternative splicing via GO molecular function annotations. We found that some groups had similar and consistent annotations (e.g. proteins having a cadherin domain) and others that had diverse annotations (e.g. proteins having a B-box zinc ®nger domain or a Fibronectin type III domain). The signi®cance of these ®ndings is dif®cult to assess because function assignments are made to multidomain genes.
A relatively small percentage of domains (1.4%) were found to be disproportionately distributed among the alternatively spliced and constitutively spliced loci. The number of occurrences of each domain among reviewed loci is very low.
As more loci are reviewed, the number of occurrences of each domain will increase correspondingly and more domains could be found to be disproportionately distributed.
To ensure the quality of our analyses with limited data, our study focused on the set of reviewed loci in LocusLink. Reviewed status is given to a locus after a careful review by the NCBI staff. Such a focus probably improves the quality of the annotation but introduces potential biases in our ®ndings. For example, the reviewers could prioritize their reviews based on the availability of publications, and researchers could be more interested in studying genes involved in signal transduction, development and apoptosis. Since the percentage of loci that have multiple RefSeq annotation among the provisional and predicted loci is low, the choice of reviewed loci should not result in any signi®cant losses of domains from either the disproportionately distributed list or the spliced-out list.
The percentage (20%) of alternatively spliced loci among reviewed loci in LocusLink is much lower than those estimates (40±60%) produced by several studies of alternative splicing based on mRNA and/or EST data. Since ESTs are only partial fragments of the full-length transcripts, it is dif®cult to reliably infer the full-length transcripts from a collection of ESTs. As our results show, full-length transcripts are required before alternate protein sequences can reliably be determined. Methods that ®nd and annotate alternative splicing and generate full-length transcripts are needed before all the disproportionately distributed and alternatively spliced domains can be identi®ed. There are some promising recent developments in this area (5,30±37).
Given the important roles alternative splicing is playing, large scale studies of its functional consequences and regulatory mechanisms can provide insights into many important normal and abnormal processes such as differentiation and cancer development and provide us with a better understanding of why nature chooses to play the combinatorial game. Table 7 . Ten most signi®cant molecular function GO terms for alternatively spliced genes with spliced-out domains shown in Table 5 GO 
